Interest in understanding the transition from prevertebrates to vertebrates at the molecular level has resulted in accumulating genomic and transcriptomic sequence data for the earliest groups of extant vertebrates, namely, hagfishes (Myxiniformes) and lampreys (Petromyzontiformes). Molecular phylogenetic studies on species phylogeny have revealed the monophyly of cyclostomes and the deep divergence between hagfishes and lampreys (more than 400 million years). In parallel, recent molecular phylogenetic studies have shed light on the complex evolution of the cyclostome genome. This consists of whole genome duplications, shared at least partly with gnathostomes (jawed vertebrates), and cyclostome lineage-specific secondary modifications of the genome, such as gene gains and losses. Therefore, the analysis of cyclostome genomes requires caution in distinguishing between orthology and paralogy in gene molecular phylogeny at the gene family scale, as well as between apomorphic and plesiomorphic genomic traits in larger-scale analyses. In this review, we propose possible ways of improving the resolvability of these evolutionary events, and discuss probable scenarios for cyclostome genome evolution, with special emphasis on the hypothesis that two-round (2R) genome duplication events occurred before the divergence between cyclostomes and gnathostomes, and therefore that a post-2R state is a genomic synapomorphy for all extant vertebrates.
INTRODUCTION
Hagfishes (Myxiniformes) and lampreys (Petromyzontiformes) hold basal phylogenetic positions as the earliest groups of extant vertebrates, and they have been analyzed from various viewpoints to understand the transition from prevertebrates to vertebrates at the molecular level (e.g., Kuratani et al., 2002; Lamb et al., 2007; Osorio and Retaux, 2008) . Currently, the National Center for Biotechnology Information (NCBI) sequence database has 124,029 and 24,521 entries of nucleotide sequences, including expressed sequence tags (ESTs), for species in the orders Petromyzontiformes and Myxiniformes, respectively (and 3006 and 652 entries for annotated protein sequences, respectively, as of March 26, 2008) . Although many of these database entries represent limited types of gene families (e.g., genes encoding homeodomain-containing transcription factors, antigen-recognition proteins involved in the adaptive immune system, and so on), the current collection of annotated cyclostome genes is providing a rough but insightful overview into understanding the evolutionary properties of cyclostome genomes.
In light of the theories and knowledge of molecular evolution, abundant sequence resources have enabled various kinds of evolutionary information to be extracted, such as phylogenetic relationships, evolutionary time scales, and gains/losses of genes. In particular, the evolution of gene repertoires has had an impact on comparative analyses of gene function, including the regulatory gene network that governs development, physiology, and other biological processes. Decades of molecular studies have shown that many well-studied genes have similar copies between species as well as within species. Indispensable terms to characterize these gene copies evolutionarily, namely, 'orthology' and 'paralogy,' were originally introduced in the early 1970s (Fitch, 1970) and later described as follows (Fitch, 2000) :
"Orthology is that relationship where sequence divergence follows speciation, that is, where the common ancestor of the two genes lies in the cenancestor of the taxa from which the two sequences were obtained. This gives rise to a set of sequences whose true phylogeny is exactly the same as the true phylogeny of the organisms from which the sequences were obtained. Only orthologous sequences have this property. Paralogy is defined as that condition where sequence divergence follows gene duplication. Such genes might descend and diverge while existing side by side in the same lineage."
In general, recognition of orthology and paralogy is not straightforward when the genomic evolution of a species in question has experienced a series of complicated events (Fitch, 2000) . In discussing early vertebrate evolution, the closest attention should be paid to this, because two rounds of genome duplications occurred, which resulted, for example, in four Hox gene clusters observed in non-teleost gnathostomes, such as mammals, chicken, Xenopus, and chondrichthyans (reviewed in Kuraku and Meyer, 2008) . It has also been proposed that a large-scale duplication event occurred in the cyclostome lineage (see below). Importantly, the above definitions of orthology and paralogy do not include any properties of gene function. For some cyclostome genes, changes in expression patterns are described as possible factors explaining the morphological differences between lamprey and gnathostomes (e.g., Shigetani et al., 2002; Uchida et al., 2003; Hammond and Whitfield, 2006) . Apart from cyclostomes, many more studies highlight dynamic changes in gene expression patterns among orthologs during vertebrate evolution (e.g., Locascio et al., 2002; Kuraku et al., 2005) . To conduct reasonable evolutionary studies, any comparative analysis regarding gene expression patterns and functions should follow the solid characterization of the phylogenetic nature of genes: orthology/paralogy should be clarified independently of any functional property of genes.
In this review, from the viewpoint of molecular evolution/ phylogeny and genome informatics, current knowledge and perspectives are summarized to provide a better link between genomic properties and phenotypic evolution.
PHYLOGENY

Monophyly of cyclostomes
Although the taxonomic term Cyclostomata was first introduced in the early 19th century (Duméril, 1806), many subsequent studies on morphology regarded only hagfishes as the earliest branching group, taking lampreys as the true sister taxon of the gnathostomes (Janvier, 1996 ; see also Ota et al., 2007) . However, the monophyly of cyclostomes was first supported by molecular phylogenetics in the early 1990's (Stock and Whitt, 1992) . Many molecular phylogenetic studies have since supported the monophyly of cyclostomes using ribosomal DNA (Mallatt and Sullivan, 1998; Mallatt and Winchell, 2007) , mitochondrial DNA (Delarbre et al., 2002) , and protein-coding genes in the nuclear genome (Kuraku et al., 1999; Takezaki et al., 2003; Blair and Hedges, 2005; Delsuc et al., 2006) (Fig. 1A) . The monophyly of cyclostomes can be regarded as one of the most clear-cut examples in which molecular phylogenetics has succeeded in updating phylogenetic relationships based on nonmolecular traits (Meyer and Zardoya, 2003) .
Time scale
In light of the robust support for cyclostome monophyly, one can estimate the divergence time between Myxiniformes and Petromyzontiformes (these two taxa form monophyletic groups). By incorporating some fossil records for extinct cyclostomes, the relaxed molecular clock analysis, which is currently frequently used to estimate divergence times, provides an estimate that this divergence occurred 520-430 million years ago (Hedges, 2001; Blair and Hedges, 2005; Kuraku and Kuratani, 2006 ; summarized in Kuraku et al., 2008a) (Fig. 1A) . Estimates vary largely depending on the assumed date of the divergence between cyclostomes and gnathostomes. However, it has consistently been reported that the ancestor of the Myxiniformes and Petromyzontiformes diverged shortly (up to 100 million years) after the cyclostome and gnathostome lineages split (summarized in Kuraku et al., 2008a) . In terms of the evolutionary time that has elapsed, it would not be surprising even if we were to identify differences between the genomes of hagfishes and lampreys that were as large as those observed in a comparison between the genomes of Mammalia and Chondrichthyes.
BASIC GENOMIC PROPERTIES
Karyotypes
Many cytogenetic observations of cyclostome genomes were described in the 1970s (Potter and Rothwell, 1970; Potter and Robinson, 1971; Robinson et al., 1975 ). In contrast to the relatively small number of chromosomes of hagfishes (2n=14-48), most lamprey species have more than 150 chromosomes (Fig. 1B) (original data were retrieved from the Animal Genome Size Database, http:// www.genomesize.com). C-values (genome sizes) of hagfishes range from 2.29 to 4.59 pg, whereas those of lampreys range from 1.29 to 2.44 pg (Fig. 1B) . Judging from the very small size of chromosomes and normal C-values in lampreys, the uniqueness of lamprey karyotypes is thought to have been caused mainly by successive Robertsonian chromosome fissions in the lamprey lineage (Robertson, 1916; Sumner, 2003) .
Noncoding and repetitive landscape
Although the paucity of genomic sequences, especially in hagfishes, prevents the analysis of general genomic properties, there are some implications based on transcriptomic data. By analyzing the GC-content of four-fold degenerate sites (GC4) in protein-coding regions, it has been shown that lampreys (both northern-and southern-hemisphere species) have high levels of GC4 (70-90%), whereas hagfishes have moderate levels of GC4 (40-60%) (Kuraku and Kuratani, 2006; Kuraku et al., unpublished observations) . Currently available genomic sequences of lampreys have revealed that the extraordinarily high GC-content in protein-coding regions, which is represented by GC4, is not a reflection of global genomic base composition (Table 1) ; rather, it is probably because of highly biased codon usage in lampreys.
Other evidence obtained in transcriptome analysis shows the existence of a short genomic element that might have spread throughout the lamprey genome (designated 'lamprino'; GenBank accession number AB425244). This element was found in the 3' untranslated region of the homeobox-containing transcription factor gene LjHox13α (Kuraku et al., 2008b) . Similar sequences have been identified in many untranslated regions of lamprey ESTs (however, not in those of hagfish ESTs). The lamprey genome also contains a transcribed and translated sequence (found in AF464190) that has high similarity to Tc1-like transposase identified in salmonids (de Boer et al., 2007) . It is highly likely that this gene was horizontally transferred from the host by parasitism. Moreover, it has been shown that the lamprey genome contains at least dozens of the microRNAs (miRNAs) already reported for other model vertebrates (Heimberg et al., 2008) .
PITFALLS IN CYCLOSTOME GENE PHYLOGENY
Orthology/paralogy
Because of insufficient gene identification in cyclostomes and possible secondary gene gains/losses in their lineage (discussed below), orthology/paralogy between multiple cyclostome genes should be treated with caution. When more than two genes of the same cyclostome species cluster together, it is highly likely that they are paralogous ( Fig. 2A) . When a pair of hagfish and lamprey genes forms a cluster, this is regarded as a reflection of species phylogeny representing cyclostome monophyly (Fig. 2B) . However, it is also possible that they are paralogous if we assume that a gene duplication has occurred in the cyclostome lineage, because of a potential 'hidden paralogy' (see Gribaldo and Philippe, 2002 for this term) (Fig. 2C ). In contrast, even when a hagfish gene seems to have diverged first because of a gene duplication, it is still probable that this topology is caused by the rapid evolutionary rate of the hagfish sequence and that this rapidly evolving hagfish gene is orthologous to the lamprey gene (Fig. 2D) . Otherwise, this is considered a result of secondary independent gene losses in the lineages leading to lampreys and gnathostomes (Fig. 2E) . As exemplified here, the molecular phylogenies of cyclostome genes involve various difficult issues. Even when we extend our scope to the genome-wide level, gene orthology/paralogy should be recognized as an indispensable element with which to elucidate the history of cyclostome genome evolution (see Sicheritz-Ponten and Andersson, 2001; Huerta-Cepas et al., 2007 for attempts to practice genome-wide phylogenetic analysis, designated 'phylome').
Gene naming
Confusion in gene naming is a notorious artificial factor that can potentially prevent the reasonable integration of the phylogenetic nature of genes and their functional properties. It is highly recommended that newly identified genes be designated based on careful phylogenetic diagnosis. This procedure is achieved by a preliminary step involving homology search tools, such as BLAST (Altschul et al., 1997) (note that BLAST detects only 'similarity,' not 'homology') and subsequent elaborate phylogenetic analysis. For cyclostome genes, which often have elevated evolutionary rates, it is strongly recommended to employ molecular phylogenetic methods that are less susceptible to biases in amonglineage and also among-site rate variation (Felsenstein, 1978; Felsenstein, 1996; Philippe et al., 2005 ; summarized in Whelan et al., 2001; Holder and Lewis, 2003; Felsenstein, 2004) . By taking into account the ambiguous signals of orthology between cyclostomes and gnathostomes that are frequently observed and the possibility of cyclostome lineagespecific gene duplications (discussed below), it is also recommended that cyclostome genes be named with care so that there is no confusion in understanding the phylogeny of these genes (e.g., the bone morphogenetic protein [BMP] genes BMP2/4-A, BMP2/4-B, and BMP2/4-C of lampreys in the BMP2/4 subfamily of the TGFβ gene family [McCauley and Bronner-Fraser, 2004] ).
PHYLOME Cyclostome lineage-specific gen(om)e duplication(s)
In the process of tree building using molecular sequences, cyclostome genes, which often have elevated evolutionary rates, potentially tend to form clusters because of a technical artifact called long branch attraction (LBA) (Felsenstein, 1978; Philippe et al., 2005) . The idea of cyclostome lineage-specific genome duplication(s) has been mainly based on analyses of Hox genes, which suggests that at least one of the multiple Hox gene clusters in cyclostomes is derived from a cyclostome lineage-specific cluster duplication event that the gnathostome lineage did not experience (Force et al., 2002; Irvine et al., 2002; Fried et al., 2003; Stadler et al., 2004) . This is because we often observe a flock of cyclostome genes in molecular phylogenetic trees (designated here as 'cyclogs'), in addition to a flock of multiple gnathostome paralogs. Possible cyclostome lineage-specific gene duplications have also been observed in other homeobox-containing genes, such as Dlx and . It is also possible that this topology is an artifact produced by long-branch attraction if the two genes that duplicated before the cyclostome-gnathostome split evolved rapidly. (B) Probable orthology between hagfish and lamprey genes. (C) Hidden paralogy between hagfish and lamprey genes. If we assume that a gene duplication occurred in the cyclostome lineage in B, the hagfish-lamprey cluster can be regarded as a pair of paralogous genes.
(D) Artificial paralogy between hagfish and lamprey genes. This can be caused by an elevated evolutionary rate due to long-branch attraction (LBA) of the hagfish sequence, even if these hagfish and lamprey genes are orthologous to each other. (E) Another explanation for early branching of cyclostome genes. The topology is similar to that of D; however, the topology in E is due to the loss of lamprey and gnathostome genes.
Engrailed (Neidert et al., 2001; Matsuura et al., 2008) . Homeobox-containing genes, however, do not provide a robust conclusion in molecular phylogeny because of the short length of their alignable regions. In this sense, other gene families that can potentially provide more robust phylogeny will be better references. For example, gene duplications specific to the cyclostome lineages are also observed in the BMP2/4 gene subfamily (McCauley and BronnerFraser, 2004) . The ongoing sea lamprey genome sequencing project will give rise to more conclusive data on whether these possible cyclostome lineage-specific gene duplications are technical artifacts, and if not, whether they were caused by a genome-wide duplication event. The sea lamprey genome sequencing project should also confirm whether the transposable elements mentioned above largely contributed to the expansion of 'cyclogs'. Importantly, even if there was at least one whole genome duplication (WGD) in the cyclostome lineage, it is most likely that the evolutionary path leading to gnathostomes independently experienced two-round (2R) genome duplications. This has been repeatedly confirmed by the existence of multiple (usually four, as in Hox gene clusters) similar arrays of genes along chromosomes in humans and mice (reviewed in Kasahara, 2007) . It should be emphasized that multiple gene copies observed in gnathostomes cannot be imputed to cyclostome lineage-specific events, and thus cyclostome lineage-specific gen(om)e duplications should be treated separately from the WGDs that resulted in redundant gene repertoires in gnathostomes.
Timing of WGDs: pre-2R or post-2R?
It remains controversial whether the mode of genome duplication in the cyclostome-gnathostome split was a simple '2R' pattern (Furlong and Holland, 2002 ; see also Hughes, 1999; Friedman and Hughes, 2001; Hughes and Friedman, 2003 for a negative view about the WGDs per se; see also Gregory, 2005 for alternative modes of large-scale duplication). However, under the assumption that there were 2R WGDs, as has been more recently reported (Dehal and Boore, 2005) , there are three possible scenarios for explaining the timing of WGDs relative to the cyclostomegnathostome split (Fig. 3) . Hypothesis A has not been explicitly proposed to date, whereas there are some reports supporting hypotheses B (Pendleton et al., 1993; Sharman and Holland, 1998; Escriva et al., 2002; Force et al., 2002; Stadler et al., 2004) and C (Fried et al., 2003; Furlong et al., 2007 ). Because of the high level of inconsistency in gene phylogeny between gene families, there is no consensus on which of these three scenarios is correct (reviewed in Kuraku and Meyer, 2008) . This difficulty is thought to have been caused by a combination of possible complicating factors, as listed below.
• The WGDs, plus the cyclostome-gnathostome divergence, occurred within a short period of time (Larhammar et al., 2002; Horton et al., 2003) .
• A certain amount of absolute time (more than 500 million years) has elapsed since the WGDs. This is relatively ancient compared with other well-studied WGD events (e.g., those in the lineages of fungi, land plants, teleosts, and Xenopus; reviewed in Wolfe, 2001 ). • Many cyclostome genes studied to date are not ideal genes for molecular phylogenetic analysis (short [e.g., homeobox genes], rapidly evolving, or highly susceptible to selection or small-scale gene duplications).
• Cyclostome genes (especially hagfish genes) are often rapidly evolving and thus can potentially prevent a robust molecular phylogenetic analysis. • Gene sampling in gnathostomes usually concentrates on bony vertebrates, and thus the earliest branching group in extant gnathostomes, namely, Chondrichthyes, is not included. Therefore, genes in basal jawed vertebrates are usually represented by Xenopus laevis and teleost fishes, which underwent an additional genome duplication in each lineage (Wolfe, 2001 ). • Many cyclostome genes remain to be identified.
• Species sampling for cyclostomes is not thorough (usually only one species is included in an analysis).
• Intensive phylogenetic analysis (model selection [e.g. consideration of among-site rate heterogeneity], probabilistic tree search methods [e.g., maximumlikelihood, Bayesian methods], and statistical evaluation of alternative tree topologies obtained; see Holder and Lewis, 2003) has not yet been thoroughly applied to phylogenetic studies of cyclostome genes.
• The results of different molecular phylogenetic analyses are evaluated by different criteria. In many cases, only the best tree is analyzed, without any statistical examination.
To optimize molecular phylogenetic analysis for addressing this issue, one is expected to select appropriate gene families with unbiased taxon sampling. Apart from large-scale duplication events, such as WGDs, rampant small-scale gene duplications, such as tandem gene duplications and retropositions, would also have occurred. These events occur in a gene family-specific manner. For example, the globin gene family has undergone a series of tandem gene duplications during vertebrate evolution (Goodman et al., 1975) , and glycoprotein hormones (e.g., gonadotropin) have also undergone gene family-specific, small-scale gene (lower) is shown with a species tree on which hypothesized events in the evolution of gene repertoires are mapped (upper). Gene duplications that gave rise to gnathostome paralogs are represented by white diamonds. The cyclostome-gnathostome split (white circles) is thought to have occurred before the duplicates generated in WGDs became fully neo-or subfunctionalized. Subsequently, possibly because of less functional constraint, cyclostome paralogs were secondarily duplicated to produce 'cyclogs' (represented by a black diamond), lost (X), or neofunctionalized (an elongated branch). These kinds of secondary modifications also occurred in the gnathostome lineage, but the secondary modifications in the cyclostome lineage are often neglected because of excessive expectation that cyclostomes should have retained a genomic architecture ancestral for vertebrates.
duplications (Sower et al., 2006) . Gene families that have undergone small-scale gene duplications should be treated with caution when assessing the timing of genome-wide duplication events.
For estimating the timing of WGDs, gene numbers in cyclostomes have been repeatedly used as markers. For example, a lower number of Dlx genes in lampreys than in gnathostomes was regarded as evidence that lampreys diverged before at least one round of WGDs (Neidert et al., 2001; Donoghue and Purnell, 2005) . However, lampreys have at least six Dlx genes, as do non-teleost gnathostomes (Kuraku et al., 2008c) . The many cases in which a lower number of genes has been identified in cyclostomes compared with gnathostomes are expected to be updated by the identification of many more genes in whole genome sequencing. We should also take into account the possibility of secondary gene losses in the cyclostome lineage (see Furlong et al., 2007 for an example of the hagfish ParaHox gene cluster). Even in gnathostomes, after the quadruplication of a single ancestral gene, many gene families have lost at least one paralog produced in 2R WGDs. The most frequently observed ratio of gene numbers per gene family, which is derived from a single ancestral gene in the chordate ancestor, between invertebrates and non-teleost gnathostomes is 1:2 (Furlong and Holland, 2002) . For example, most subfamilies in the nuclear receptor gene families have a ratio of 1:3 (e.g., retinoic acid receptor [RAR]α, RARβ, and RARγ ), whereas most subfamilies in the Wnt gene family have a ratio of 1:2 (e.g., Wnt7a and Wnt7b; interestingly, there are no subfamilies with the ratios of 1:3 or 1:4 in this gene family). Nevertheless, genome-wide identification of similar arrays of genes along multiple (usually up to four) chromosomal regions (Dehal and Boore, 2005) and detailed analysis of conserved landmark gene clusters have led to the idea of WGDs and the ratio of 1:4 to parsimoniously explain the difference in gene numbers between invertebrates and non-teleost gnathostomes (reviewed in Kasahara, 2007) . To obtain a clear image of genomic status in cyclostomes, this line of evidence on conserved syntenies to analyze 'how' intra-genome redundancy was introduced should be accompanied by large-scale, elaborate molecular phylogenetic analyses to clarify 'when' such intra-genome redundancy was created. A lower number of gene repertoires in cyclostomes does not necessarily mean that they diverged before the genome expansion: a tree-based approach is indispensable.
Molecular phylogenetic studies have also been performed for a number of non-homeobox gene families. Based on observations in recent studies (Fig. 4) , hypothesis A (Fig.  3) is proposed here as an alternative scenario and is designated as the 'pan-vertebrate tetraploidization (PV4)' hypothesis (Fig. 5) . For all three gene families shown in Fig. 4 , gene duplications were observed more frequently before the cyclostome-gnathostome split than after it, suggesting hypothesis A as a scenario for explaining the timing of WGDs relative to the cyclostome-gnathostome split (see Table 2 ). These gene families have longer alignment lengths and exhibit a greater level of sequence divergence among orthologs and paralogs than most gene families on which hypotheses B and C are based (see Fig. 3 ). It is likely that the hypotheses suggested to date (hypotheses B and C) might have been produced by the technically difficult factors mentioned above. This could be confirmed with elaborate molecular phylogenetic analyses using larger data sets.
SUMMARY
When we take into account the difficult mentioned factors above regarding (1) the absolute and relative timing of evolutionary events, (2) technical limitations, and (3) insufficient data sets, cyclostome genomes can be recognized as very challenging targets for evolutionary genomics. Whether cyclostomes diverged from the future gnathostome lineage before or after WGDs, cyclostome genomes seem to show relatively degenerate gene repertoires with unique features in some respects (e.g., high GC-content in protein-coding regions and high chromosome number in lampreys). It would not be surprising, however, even if cyclostomes have experienced a large amount of secondary modification to their genomes, to discover large differences in genomic content between cyclostomes and gnathostomes, which diverged more than 500 million years ago, and also between hagfishes and lampreys, diverged more than 400 million years ago. In contrast, stable genomes of chondrichthyans have been estimated by analyses of partial genomic sequences of the ghost shark, Callorhinchus milii (Venkatesh et al., 2007; Yu et al., 2008 ; see also Kuraku and Meyer [2008] for the possible retention of the ancestral structure of the Hox gene clusters of gnathostomes by the horn shark, Heterodontus francisci). Under the assumption that the post-WGD state is a genomic synapomorphy of all extant vertebrates (hypothesis A in Fig. 3; Fig. 5 ), this contrast might reflect differences between the taxon that diverged before genes produced in WGDs became fully sub-or neofunctionalized (namely, Cyclostomata) and the taxon that diverged after many of them acquired the functions that are shared by diverse living gnathostomes (namely, Chondrichthyes). The differences between these two taxa in levels of constraints acting on genes might have led to the difference in the frequency of gene retentions and duplicability. Thus, determining orthology/paralogy based on solid molecular phylogenetic evidence is a prerequisite for linking the evolution of gene repertoires with the evolution of gene functions 
